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Abstract: The electrochemical features of microbial fuel cells’ biocathodes, running on wastewater,
were evaluated by cyclic voltammetry. Ex situ and in situ electrochemical assays were performed
and the redox processes associated with the presence of microorganisms and/or biofilms were
attained. Different controls using sterile media (abiotic cathode microbial fuel cell) and membranes
covering the electrodes were performed to evaluate the source of the electrochemistry response
(surface biofilms vs. biotic electrolyte). The bacteria presence, in particular when biofilms are allowed
to develop, was related with the enhanced active redox processes associated with an improved
catalytic activity, namely for oxygen reduction, when compared with the results attained for an
abiotic microbial fuel cell cathode. The microbial main composition was also attained and is in
agreement with other reported studies. The current study aims contributing to the establishment of
the advantages of using biocathodes rather than abiotic, whose conditions are frequently harder to
control and to contribute to a better understanding of the bioelectrochemical processes occurring on
the biotic chambers and the electrode surfaces.
Keywords: microbial fuel cell; biocathode; biofilms; cyclic voltammetry; wastewater; oxygen reduction
1. Introduction
Bacteria and yeasts are frequently used to catalyze the anodic and cathodic half-
reactions in different bioelectrochemical systems and, in particular, in fuel cells, denom-
inated as microbial fuel cells (MFC). On MFC organic compounds are used by these
organisms as fuel using the anode and/or the cathode as electronic partners, taking advan-
tage of the microorganisms’ ability to exchange electrons with electrodes, either directly
or through extracellular small electron carriers, e.g., cytochromes, for which the surfaces
mimic the physiological redox partners [1–3]. One of the advantages of MFC is their
ability to use a wide sort of biomass-derived fuels with long term durability of microbial
consortia [4]. Many different microorganisms have been utilized in MFCs, both as mixed
and single strain cultures, such as Geobacteracea, Desulfobulbus or Desulfovibrio families,
among others [5–8].
Electrochemistry techniques, namely cyclic voltammetry (CV), among others, allowed
several authors to observe biofilms attached to anode and/or cathode electrodes’ effect.
In studies electrochemical properties consistent with the hypothesis that biofilms work
as catalysts, by producing electroactive biofilms or extracellular carriers, that enables the
direct electron exchange with the electrode surfaces and, thus, enhancing the electrocat-
alytic response were reported [9–14]. In some systems, the electrochemical features of
the anode and the cathode are different, even if the base materials are the same, reflect-
ing possible differences in their extracellular electron transfer properties induced by the
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electrodes’ potential. In addition, the media also influences the electrochemical behavior
of the electrodes covered with biofilms, for instance sulphate reducing bacteria possess
different mechanism in the presence of nitrate or sulphate [15]. The potential, at which the
electrodes are set, or the potential difference between them, has also been discussed as an
important factor influencing the anode and cathode electrochemical response [10,12,14–16].
Monitoring the current as a function of potential and scan rate yields dependencies that
can provide detailed mechanistic information about the electron transfer process from
substrates (such as glucose, acetate, etc.) to the electrode surface. Changing the electrode
potential will vary the driving force and may change the heterogeneous electron transfer
step (across the catalyst/electrode interface). The present study focuses on the electrocat-
alytic activity in the anodic and cathodic chambers of a MFC running with a biocathode
and harvesting electricity from bacteria cells present in wastewater. In situ electrochemical
experiments were performed, including controls avoiding biofilms formation, to evaluate
the biocathode MFC electrochemical behavior, together with experiments using sterile
media in the cathodic compartment, enabling the comparison with an abiotic cathode
running at equivalent conditions.
2. Results and Discussion
2.1. Ex Situ Electrochemical Characterization of Samples from MFC Using a Biocathode
2.1.1. Anodic Chamber
The samples were taken and prepared as described on Section 3.4 and characterized
by cyclic voltammetry to determine its electrochemical activity. From the results shown
in Figure 1, it is possible to identify two redox processes associated with the presence of
bacterial cells, namely an anodic wave around +0.4 V and a cathodic one at 0 V (respectively
Ia and Ic), observed in all sample assays, more pronounced for the pellets’ samples.
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potential window between −0.6 and +0.6 V; scan rate 20 × 10−3 V s−1; full scale at SI (Figure S2).
These processes seem to be related with the presence of electron transfer proteins,
such as cytochromes and small iron-sulfur proteins that possess metal centers [11,17–19], as
pointed by other authors. The observed process I has a midpoint potential of approximately
+0.2 V vs. Ag/AgCl (+0.39 V vs. NHE), which is within the range of several cytochromes
reduction potential associated with biofilms an extracellular electron transfer pathways
towards electrodes [20,21]. A high cathodic current starts to develop u der −0.5 V, also
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visible in the controls, which agrees with the high electrocatalytic activity of the gold
electrode surface towards the oxygen reduction (even if residual at the cell). The oxygen
reduction, however, is slightly shifted to more negative potentials in the assays with the
pellets sample, indicating the presence of biological material in the gold surface, lowering
the oxygen diffusion and its electrocatalytic reaction on gold.
2.1.2. Cathodic Chamber
The ex situ electrochemical characterization of the bacterial cells collected from the
cathodic chamber of the MFC reactor is summarized in Figure 2. The results of the bioca-
thodic chamber do not show significant differences from the anodic. Again, it is possible
to identify two redox processes associated with the presence of bacterial cells, namely
an anodic wave around +0.3 V (I’a), slightly shifted towards more negative values when
compared with the anodic chamber results and that seems due to more than one process
(overlaid); and a cathodic one at +0.1 V (I’c), again, better observed for the pellets’ samples,
corresponding to an approximately midpoint potential of +0.2 V vs. Ag/AgCl as observed
for the anodic chamber samples. From the comparison with the control assays, these
processes seem to be the result of the presence of proteins, possessing metal centers. The
potentials at which the redox processes are visible are consistent with the potential values at
which cytochromes and/or small iron sulfur proteins present redox activity [17–19,21,22].
In addition, other catalytic processes have been related with processes occurring on MFC
electrodes, observed approximately at some potentials [11], also pointing to the effect of the
microorganisms. A high cathodic current starts to develop around−0.5 V, also visible in the
controls, that is slightly shifted to more negative potentials in the assays with the biological
samples. As discussed before, this shift should be related with the presence of adsorbed
material in the gold surface that hinders the electrode direct oxygen reduction process,
as observed in the anodic samples. A small anodic wave develops around −0.6 V, more
visible for the supernatant samples that seems associated to the reverse reaction, namely,
the oxygen regeneration from intermediate molecules adsorbed or retain at the surface.
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Comparing the results obtained between all the cathodic chamber assays samples
(supernatant, pellets and sonicated) and corresponding controls, it is clear that the anodic
and cathodic processes, showing midpoint potential close to +0.3 V, are visible in all
samples, but not at the controls. The processes are more clearly observed in the pellet’s
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assays and are consequence from the larger biological material presence. The results
attained in this section will be compared with the in situ assays (next section), allowing
us to evaluate the role of the immobilized biological material for the MFC electroactivity,
by comparing the electrochemical features attained from the sessile and the immobilized
microorganisms on the electrode surfaces
2.2. In Situ Electrochemical Characterization of Samples from MFC Using a Biocathode
2.2.1. Anodic Chamber
Cyclic voltammetry assays were carried out in situ in the anodic chamber using
regular inoculated media (1:3, wastewater accordingly with the procedure described in
Section 3.2) and sterile media for comparison. Electrochemical features of assays with
cellulose membranes covering both the anode and cathode electrodes, were also used
as control to evaluate if the observed electrochemical activity is due to biofilms or redox
compounds released into the solution resulting from the bacteria metabolism. The resulting
voltammograms (Figure 3), from the anode containing biofilm, used as working electrode
directly, present considerable differences from the controls (sterile and membranes’ elec-
trodes). Three anodic processes are detected, approximately at +0.2, −0.1 and −0.35 V,
denoted respectively as Ia, IIa and IIIa), whereas one cathodic peak, around 0 V (Ic) and a
broad cathodic wave, between approximately −0.7 and −0.3 V, are observed.
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Figure 3. In situ cyclic voltammograms of the MFC anodic chamber (using the MFC anode as working electrode); non-sterile
media (inoculated media) comparison with the controls, namely sterile media and the control by using membranes to
hinder biofilms presence; potential window: −0.8 to +0.8 V; scan rate 20 × 10−3 V s−1.
Process I is similar to the one observed in the ex situ assays (see Figure 1), when
using samples of the non-sterile media, being possible to estimate a midpoint potential
approximately of +0.05 V vs. Ag/AgCl (+0.24 V vs. NHE). Although slightly more negative,
this value is in agreement with the redox potentials found for small extracellular proteins,
as mentioned before [21–23].
The broad cathodic wave was associated to the reduction of oxygen and oxygenated
species in solution; it starts to develop around −0.3 V, at more positive values than the
ones found when gold electrodes were used (in the ex situ assays), implying that biological
material on the graphite felts present enhanced catalytic activity towards oxygen reduction,
even when O2 presence is residual. The processes IIa and IIIa seem to be directly related
with the reverse reaction of the cathodic processes observed in this broad cathodic wave.
Using the sterile media, a different pattern is observed and two broad processes can
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be observed, an anodic wave presenting the maximum intensity around +0.15 V and a
cathodic wave with maximum current intensity around −0.30 V. These are observed for
many carbon materials and were associated to the carbon surface inherent redox processes
in aqueous solution [24]. The membranes’ control has shown much less intense currents,
also due to a less diffusion towards the electrode and small broad anodic and cathodic
processes around +0.2 V and −0.35 V, respectively, are visible in a similar pattern to the
sterile medium (Table 1; Figure 2). The results suggest that the anodic and cathodic media
with biofilm formation present redox compounds (electron shuttles) resulting from the
biological material presence that contribute for the enhanced electron transfer activity to
the anode and catalytic activity and, consistently, producing an operative MFC.
Table 1. Redox processes potential values attained for sterile (abiotic cathode), non-sterile (biocathode) and control
(w/membrane) conditions in the in situ electrochemical assays.
Media/Conditions
Anodic Chamber Cathodic Chamber
Epa/V Epc/V Epa/V Epc/V
Non-sterile;
control (membrane) +0.20 −0.35 +0.26 −0.25
Sterile media; control +0.15 −0.30 +0.05; +0.3 −0.2; −0.53
Non-sterile
(biocathode) +0.2; −0.1; −0.35 0; −0.3 to −0.75 −0.1; +0.15 −0.05; −0.5
Epa, anodic peak potential; Epc, cathodic peak potential (V vs. Ag/AgCl).
2.2.2. Biocathodic Chamber
The cyclic voltammetry in situ features of the aerobic biocathode chamber was per-
formed as described for the anodic chamber in the previous Section 2.2.1, using the MFC
cathode as working electrode. Again, the controls, performed using sterile media (corre-
sponding to an abiotic cathode) and the MFC cathode covered by cellulose membranes, are
shown (Figure 4).
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There is a significant difference from the biocathode response functioning as working
electrode in the CV assays (Figure 4) from the results attained ex situ (Figure 2) with the
non-sterile (inoculated media) attained from the cathodic chamber. In the in situ study, a
redox process (that seems, however, partially influenced by another overlaid process) is
visible at potential values approximately to −0.1 V vs. Ag/Ag/Cl (≈+0.097 V vs. NHE).
This process appears at more negative potentials than process I’ observed in the ex situ
assays. In addition, the processes do not seem related with process II′a. As so, the anodic
and cathodic processes were denoted as II′′a and II′′c. The lower potential difference
between the anodic and cathodic processes seems related with surface confined redox
processes, probably associated with the biofilm coating the electrode. Again, the potentials
are close to others already reported for proteins and other electron carriers associated with
the electron transfer between bacteria and the electrodes’ surfaces [25]. In addition, process
II′′, a small anodic wave at +0.15 V and a cathodic process at −0.5 V are observed. These
seem to have some correspondence with the waves registered with the electrode in sterile
media (abiotic cathode) and should be related with the presence of oxygen (and the carbon
felt surface). The current intensity differences are most probably due to the presence of the
biofilms (Figure 4) that hinders the oxygen diffusion to the carbon felt. No obvious redox
processes associated with the microorganisms were observed from the control biocathode
chamber, covered with the cellulose membrane. Using sterile media (corresponding to
an abiotic cathode, as mentioned) two anodic waves develop around +0.3 and +0.05 V
and two cathodic processes are also visible, a broad wave around −0.2 V and a smaller
wave at −0.53 V all associated with the oxygen and oxygenated species reaction on the
cathode carbon felt surface. The membranes’ control shows less intense currents, due to
the diffusion of electrolyte that is reduced by the membrane presence and small anodic
and cathodic processes around +0.26 and, approximately, at −0.25 V (Table 1; Figure 4) can
be observed.
Based on all the results, the biocathode containing attached biofilms reveals more
electron transfer and electrocatalytic activity towards oxygen reduction when compared to
both the sterile media (abiotic cathode) and the membranes’ control. The results point to
a significant role of the biofilms and the metabolic released redox biological compounds
(electron shuttles) in the power density production in the biocathode MFC.
2.3. Composition of Wastewaters Analysis
The anode and the biocathode MFC chambers composition on microorganisms were
attained, after 18 cycles showing some differences, in spite of the initial inoculum being
the same (Table 2). This fact is in agreement with reported data on the adaptation of
strains to the conditions when in the presence of electrified surfaces, namely the MFC
electrodes [2,26].
It should be noted that the number of electroactive microorganisms is in constant
expansion, such as the case of Methanobacteriales or Methanosarcinales (also found in
abundance in the biocathode chamber), as recently described [27–29]. In addition, the
results are in agreement with the observations that some microorganisms, in particular
Methanosarcina, were enriched on carbon-based materials such as carbon felt [30] and
recent reports point to the ability of this strain to direct exchange electrons with electrified
surfaces [28]. Proteobacteria seems more abundant in the cathodic chamber as also already
reported [25]. The presence of mixed consortium electroactive microorganisms in wastewa-
ter has been show as an advantage [31]. The direct electron transfer to electrodes and the
ability to interspecies electron transfer contributes to enhance MFC properties in O2 and
oxygenated species reduction, leading to an enhanced energy production, besides organic
matter degradation. The understanding and exploration of microbial presence/biofilms
formation in MFC is, thus, an increasing field of interest [32], including the best operational
conditions allowing acclimation and selected enrichment of the most promising species
considering the overall goals [2].
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Table 2. Microbial Analysis of the Biocathode MFC chambers.
Phylum
MFC Anode Chamber MFC Cathode Chamber

























3. Materials and Methods
3.1. MFC Construction
Double chambered MFC was in-house constructed using acrylic glass material with
equal volumes (working volume, 0.36 L) of anode and cathode compartments, separated
by a cationic exchange membrane (Nafion, Alfa Aesar, Karlsruhe, Germany). Graphite
felts (GF, Alfa Aesar, Karlsruhe, Germany, 6 × 6 cm; 5 mm thick; surface area 36 cm2)
were used as electrodes. Copper wires were used for contact with electrodes, isolated with
epoxy resin. In addition, the contacts with the chambers were isolated/separated by rubber
gaskets. Appropriate sampling ports were designed. For the MFCs cathodes, a continuous
air flow (passing through 0.2 µm filters) was provided through an air-pump to maintain
constant the amount of dissolved oxygen.
3.2. Biocatalyst-Consortium from Wastewater
Aerobic mixed consortium from activated sludge was collected at the wastewater
treatment plant of Chelas (Lisbon, Portugal) and was used to inoculate the MFC anode
and cathode compartments with wastewater (1:3) and electrolyte (described in Section 3.3).
For the MFC using abiotic cathode the inoculation was performed only in the anode
compartment. MFC biocathode identification of microorganisms was done according to
the protocol from Ramos et al. [33]. The 16S rRNA gene sequence analysis was conducted
to identify the taxonomic affinities of a broad range of microorganisms [34]. Universal
primers for archaea and bacteria were chosen (based on previous literature) to amplify
the partial sequence of 16S rRNA to comprise the largest number of microorganisms.
Nucleotide sequences of 16S rRNA encoding genes were retrieved from the Ribosomal
Database Project [35] and GenBank (http://www.ncbi.nlm.nih.gov/Genbank/, accessed
on Nucleic Acids Research, accessed on 1 January 2013; 41(D1):D36-42).
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3.3. MFC Operation
MFC were operated in aerated abiotic cathode or biocathode conditions. MFC anodic
(and cathodic for the biocathode MFC) chambers were inoculated with aerobic mixed
consortia and operated under respective microenvironment. Anode and cathode cham-
bers were fed with electrolyte with composition, in g/L, comprising of sodium acetate
(0.82) and sodium carbonate (0.31) as the sole carbon sources in both chambers. For both
chambers, the remaining media composition was 50 × 10−3 M phosphate buffer and nu-
trient solution (g/L): KH2PO4 (2.88), K2HPO4 (5.02), NH4Cl (0.53), C10H16N2O8 (0.50),
MgSO4·7H2O (0.37), MnCl2·4H2O (0.59), COCl2·6H2O (0.08), CaCl2·2H2O (0.11), ZnCl2
(0.05), CuSO4·5H2O (0.01), AlK(SO4)2 (0.01), H3BO3 (0.01), Na2MoO4·2H20 (0.02), Na2SeO3
(0.001), Na2WO4·2H2O (0.01), NiCl2·6H2O (0.02) and FeCl3·6H2O (0.27) [36]. Prior to
feeding, the pH of the electrolyte was maintained at 7.0 in both chambers. Anodic chamber
was purged with N2 gas for at least 20 min to maintain the anaerobic microenvironment
after the fed change and sampling; in the cathodic chamber a continuous supply of air
was maintained through an air-pump (ELITE-801, Rolf C. Nagen, UK Ltd., Castleford,
UK) to keep constant the amount of oxygen (the electron acceptor). The media solutions
were changed when the voltage decreased to 50 × 10−3 V and the suspended biomass was
reserved, forming a complete fed-batch cycle. MFC was operated at room temperature (app.
25 ◦C) and electrodes were connected through a copper wire to a fixed load of external
resistance of 1000 Ω. This resistance value corresponds to the stabilized MFC operation
established over a study with R between 15 to 15,000 Ω (see SI, Figure S1). MFC was
operating in a total of 28 fed-batch cycles (corresponding to 220 days).
3.4. MFC Analysis
MFC was operating in a total of 28 fed-batch cycles, stabilizing at the 18 fed-batch
cycle with high removal efficiency. The stabilized MFC biocathode was shown a maximum
open circuit voltage (OCV) of +439 mV with a corresponding external resistor of 1000 Ω.
The operational parameters are shown in Table 3 (the main operational parameters for the
corresponding abiotic cathode MFC are presented in SI, Table S1, for comparison).
Table 3. Biocathode MFC operating parameters.
Operation Parameters Biocathode MFC
Batch mode operation time (days) 150
OCV (mV) 439
Power density (mW/m2) 54
COD removal efficiency (%) 94
Coulombic efficiency (%) 33
Current density (mA /m2) 122
At this stage, wastewater samples from MFC anodic and cathodic chambers were
collected and its features were analyzed by cyclic voltammetry (CV) to characterize the
oxidation-reduction reactions of the suspension bacteria cells (the ex situ characterization,
see Section 2.1). The ex situ cyclic voltammetry analysis used a CHI 440B potentiostat
from CHI Instruments, USA. For the CV characterization of each chamber media, the used
electrodes were a gold working electrode disk with φ = 2 mm (Bioanalytical systems, West
Lafayette, IN, USA, model: 2014), an Ag/AgCl reference (RE-1B, BAS, Tokyo, Japan) and a
platinum counter electrode (Bioanalytical systems, West Lafayette, IN, USA, model: 4230).
One compartment electrochemical cell was used.
From each sample (control, supernatant, pellets and after sonication samples) 200 µL
volume was taken and placed on a cellulose membrane (3.5 kDa cut-off), that covered
the working electrode, in a thin-layer configuration. The control was performed with
sterile media using the same procedures as for the samples. Nitrogen gas was used for
oxygen removal, by bubbling at least for 20 min before the assays and continuously flushed
into the electrochemical cell headspace during the measurements. CV was performed at
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20 mV s−1 scan rate, after 5 min of equilibrium at open circuit potential. The potential
window between +0.6 and −0.6 V was used to attain the oxidation/reduction processes
characteristic of each sample. The working samples from the MFC anodic and cathodic
chambers’ wastewaters (running with the biocathode), were separated into supernatant,
pellets and sonicated (the pellets samples after sonication) and prepared for the CV analysis
by the following procedures: each 1.5 mL of wastewater samples from the chambers were
centrifuged at 12,000 RPM for 5 min and the upper layers (supernatant) were collected; the
remaining pellets’ samples were washed with 50 mM phosphate buffer (pH 7.0), centrifuged
at 12000 RPM for 5 min, to the final remaining samples (pellets); the preparation of sonicated
samples were as the previous pellets, but with the additional step of sonication in a water
bath (NAHITA, Ultra Sonic 220–240 V) for 5 min.
The in situ bioelectrochemical assays (see Section 2.2) were performed considering
MFC reactor’s anode and cathode graphite felts as working and counter electrodes (and
vice versa), using an Ag/AgCl reference electrode introduced in each chamber, interrupting
momentarily the MFC operation. In these assays, scan rate was 20 × 10−3 V s−1 over the
potential range +0.8 to −0.8 V. Additional controls were measured in parallel MFC reactors
running the same time and using the same methodology, but with cellulose membranes
(3.5 kDa cut-off) covering the electrodes, as described elsewhere [37], to avoid direct contact
of bacteria with the electrodes, hindering biofilms formation.
4. Conclusions
The electrochemical assays of the wastewater samples retrieved from the MFC running
with a biocathode clearly show the presence of anodic and cathodic redox processes
associated with the microorganisms and biofilms’ presence. The possible occurrence
of extracellular bacterial proteins with electron transfer properties must be taken into
consideration and although its identification is not under the scope of this work, future
studies should invest on this topic. The in situ MFC assays using the chambers’ electrodes,
covered by biofilms, have shown interesting redox features evidencing the biofilms role
in the production and conduction of electrons and in the catalytic properties towards
oxygen reduction. Under the tested experimental conditions, the biocathode operating
conditions seem the most favorable for cathodic electrochemical reduction of oxygen.
The attained results confirm that biocathodes are viable and easier alternatives to the
use of conventional catalysts in MFC devices. Studies to select the best operational MFC
conditions using biocathodes to promote the enrichment of the most promising species,
considering the goals, are a route that should be pursued.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11070839/s1, Figure S1: Variation of the MFC (running with a biocathode) output voltage
versus the applied external resistance (between 15 to 15,000 Ω); the remaining experimental conditions
are described in the manuscript main text; Figure S2: Ex-situ cyclic voltammograms attained with
anodic chamber wastewater sample with bacteria cells in suspension (on gold electrode); full potential
window; scan rate 20 × 10−3 V s−1; Figure S3: Ex-situ cyclic voltammograms attained in the
biocathode chamber wastewater sample with bacteria cells in suspension (on gold electrode); full
potential window; scan rate 20 × 10–3 V s−1; Table S1: Abiotic cathode MFC operating parameters.
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